Introduction {#s1}
============

In the past several decades, radiotherapy and chemotherapy have been employed as major tool for cancer treatment \[[@r1]\]. However, both radiotherapy and chemotherapy lead to so many problems in carcinoma patients, such as cytotoxicity, cancer cell resistance, and hypoimmunity, and they also failed to completely kill all cancer cells in most cases. Because it is difficult to acutely and/or chronically administer radiotherapy and chemotherapeutic agent to hypoxic and acidic regions in tumors, incomplete tumor targeting, inadequate tissue penetration, and limited toxicity in all cancer cells occurs \[[@r2]\]. Thus, viral or other vectors are used for selective tumor targeting or cancer therapy.

Certain strains of bacteria may selectively colonize and grow in tumors, such as *Escherichia coli* \[[@r3],[@r4],[@r5]\], *Salmonella* \[[@r6],[@r7],[@r8]\], and *Clostridium* \[[@r9]\]. A number of studies have reported that these bacteria have been engineered to express a reporter gene or cytotoxic protein that is used in tumor imaging or tumor treatment \[[@r10]\]. These genetically modified bacteria multiply in tumors 1000-fold greater than in normal tissue \[[@r6]\]. *S. typhimurium* has been used as a carrier to transfer converting enzymes and antigens to tumors \[[@r11]\].

The attenuated *S. typhimurium* ΔppGpp (guanosine 5′-diphosphate-3′-diphosphate) strain carries a pBAD plasmid that may produce the cytotoxic protein cytolysis A (ClyA) to kill tumor cells and bacterial luciferase (*Lux*) to generate imaging signals \[[@r12]\]. ClyA is 34-kDa pore-forming hemolytic protein that can be produced by *E. coli* and the attenuated strain *S. typhimurium* without posttranslational modification \[[@r13]\]. The cytotoxicity of ClyA towards mammalian cells and macrophages induces cell apoptosis. Nguyen *et al.* (2010) already demonstrated that attenuated strain *S.t* ΔppGpp/pBAD-ClyA was located in hypoxic and necrotic areas in tumors and expressed ClyA protein \[[@r12]\]. A major problem in radiotherapy is whether or not it affects cytotoxin-expressing *Salmonella* localized in a tumor.

Therefore, the effect of radiotherapy was observed after tail vein injection of attenuated strain *S.t* ΔppGpp/pBAD-ClyA in a mouse model of colon cancer to search for a more sensitive and efficient cancer therapy. The aim was to evaluate the efficiency of *S.t* ΔppGpp/pBAD-ClyA therapy for suppression of tumor growth after radiotherapy.

Materials and Methods {#s2}
=====================

Cell lines
----------

The murine CT26 colon carcinoma cell was obtained from the American Type Culture Collection (CRL-2638). The CT26 cells were grown in high glucose Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum and 1% penicillin-streptomycin.

Plasmid construct
-----------------

The expression plasmid pBAD-RLuc8 has been previously described \[[@r12]\]. The *clyA* gene was amplified with the primer pair 5′-AGTCCATGGTTATGACCGGAATATTTGC-3′ (forward primer) and 5′-GATGTTTAAACTCAGACGTCAGGAACCTC-3′ (reverse primer) using the *S. typhimurium* genotype as a template. The PCR products were digested by *Nco*I and *Pme*I restriction enzymes, and RLuc8 was replaced by *clyA* in the same site.

Bacterial preparation
---------------------

The attenuated *Salmonella typhimurium* strains SHJ2037 is a ΔppGpp, and it was kindly provided by R. M. Hoffman (AntiCancer, San Diego, CA, USA) \[[@r12]\]. The bacterial strains were grown in LB (Luria Bertani) media (Difco Laoratories, Detroit, MI, USA) containing appropriate antibiotics (*S.t* ΔppGpp/pBAD-ClyA, ampicillin, 100 *µ*g/ml;*S.t* ΔppGpp Lux, kanamycin, 50 *µ*g /ml; Sigma, St Louis, MO, USA). The strains were kept in LB media containing glycerol (20%) and stored at −80°C. The LB plate was also supplemented with appropriate antibiotics. A single colony was picked out from the plate and dipped in 10 ml LB/antibiotic solution incubated in a shaking incubator (37°C, 200 rpm) before bacterial injection. On the day of injection, 2.5% of bacterial solution was applied to a fresh culture in new media (LB/antibiotics liquid media) and incubated in a shaking incubator (37°C, 200 rpm) for 4 h. The bacteria were centrifuged (5,000 rpm, 10 min) and washed with PBS. The bacterial solution was analyzed by spectrophotometer (600 nm), and the bacterial number was calculated (1 OD means 0.8 × 10^9^ CFU). The *S.t* ΔppGpp (3 × 10^7^ CFU) was suspended in 100 *µ*l PBS and injected into the lateral tail vein of the mouse tumor model with a 1-cc insulin syringe.

Animal models
-------------

The BALB/c mice (5- to 6-week-old male) were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, Guangdong province, China), and cages, food, drinking water, and bedding were sterilized by autoclaving. All experiments involving mice were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. To obtain a highly efficient therapeutic effect, fresh highly invasive bacteria were used. Anesthesia of mice was performed using isoflurane (2%) for imaging or a mixture of ketamine (200 mg/kg) and xylazine (10 mg/kg) for surgery. The CT26 cells (3 × 10^6^) were harvested and suspended in 100 *µ*l of PBS, and subcutaneously injected into mice for generation of colon tumors. The tumor volumes (mm^3^) were estimated using the formula (L × H × W)/2, where L was the length, W was the width, and H was the height.

Radiotherapy
------------

Radiotherapy was commenced when the longest diameter of the subcutaneous tumor reached approximately 10 mm or its volume reached 150 mm^3^. A 6-MV X-ray was used via a linear accelerator (Clinac 1800, Varian, Palo Alto, CA, USA). The source to skin distance was one meter with a field size of 5 × 5 cm^2^ and a dose rate of 3 Gy/min. Water equivalent boluses with a thickness of 1 cm were placed under and above the mouse thigh bearing the tumor to establish dose homogeneity. The radiation was delivered using two anterior-posterior/posterior-anterior parallel opposing fields. To assess the tumor regression effects of different radiation doses, we irradiated tumors in fractions of 7 Gy, and the radiotherapy was performed every 3 days until the total doses reached 21 Gy.

Optical bioluminescence imaging
-------------------------------

The mice were anesthetized and placed in a light-tight chamber of a xenogeny IVIS imaging system (Caliper). Photographs of mice were analyzed with the Living Image 4.0 software (Caliper). A region of interest was selected manually based on the signal intensity. The area of the region of interest was kept constant, and the intensity was recorded as the total photons count within each region of interest.

Data analysis
-------------

The bioluminescence data were analyzed with the Living Imaging 4.0 software (Caliper), and all the statistical calculations were analyzed with the Microsoft Excel software (Microsoft, Redmond, WA, USA). The two-tailed Student's *t*-test was used to determine the statistical significances of differences in primary tumor growth between the control and treatment groups. A *P* value\<0.05 was considered significant for all analyses. The survival data were analyzed by Kaplan-Meier curve and long- rank test. All data are expressed as means ± standard deviation.

Results {#s3}
=======

Engineered S. typhimurium target subcutaneously implanted into tumors after RT
------------------------------------------------------------------------------

The *S.t* ΔppGpp-Lux was injected into tumor-bearing mice via the tail vein (BT^lux^), and expression of *Lux* was measured by IVIS for ever day. The bioluminescence was imaged in the BT^lux^ and BT^lux^ plus RT group. The bioluminescence signal was only detected in the tumor area of mice at day 1 after injection of *S.t* ΔppGpp-Lux ([Fig. 1 a](#fig_001){ref-type="fig"}Fig. 1.Imaging and effect of *Lux*-expressing *S. typhimurium* in a mouse model of colon cancer after radiotherapy. a, Noninvasive *in vivo* imaging of bacterial bioluminescence. b, Changes in signal intensity. c, Changes in bacterial count of tumor.). The signal reached its peak between day 3 and day 5 in the BT^lux^ group and BT^lux^ plus RT group. The bioluminescence signal of the BT^lux^ group was markedly decreased from day 10, but the signal of the BT^lux^ plus RT group was maintained for than 24 days. The signal of the BT^lux^ plus RT group was stronger than that of the BT^lux^ group during the whole experiment ([Fig. 1b](#fig_001){ref-type="fig"}). The bacterial counts of tumors also demonstrated that RT contributed to *S. t*yphimurium colonization for tumor targeting ([Fig. 1c](#fig_001){ref-type="fig"}). Our previous study indicated that *E. coli* could colonize tumors and survive after RT treatment in a mouse tumor model, and the present result further confirmed this \[[@r5]\].

Tumor suppression by engineered S. typhimurium expressing ClyA
--------------------------------------------------------------

CT26 cells were subcutaneously injected into BALB/c mice to establish our mouse model of colon cancer at day 0, and then we divided the mice into three groups (control, BT^ClyA/-Ara^, and BT^ClyA/+Ara^). The tumor-bearing mice in the BT^ClyA/-Ara^ and BT^ClyA/+Ara^ group were injected with 3 × 10^7^ CFU *S.t* ΔppGpp/pBAD-ClyA via the tail vein at day 10, and the control group was injected with PBS. The mice in the BT^ClyA/+Ara^ group were received an intraperitoneal injection of L-arabinose to every day from day 13 for activation of the pBAD promoter and production of ClyA. Tumor growth was suppressed in the BT^ClyA/-Ara^ or BT^ClyA/+Ara^ groups compared with the control group, and the efficiency of suppression of tumor growth was higher in the BT^ClyA/+Ara^ group than in the BT^ClyA/-Ara^ group, but the tumor volume still was increased ([Fig. 2a](#fig_002){ref-type="fig"}Fig. 2.Therapeutic effect of ClyA-expressing *S.t* ΔppGpp in tumor-bearing mice (*n*=5 in each group). a, Photographs of subcutaneous tumors in representative mice. b, Changes in tumor volume. c, Changes of bacterial counts after RT (7 Gy) *in vitro*.). ClyA was secreted by *S.t* ΔppGpp/pBAD-ClyA after induction with L-arabinose, but it only inhibited tumor growth; it did not completely eliminate tumors.

Tumor suppression by engineered S. typhimurium combined with RT
---------------------------------------------------------------

To evaluate the efficiency of tumor suppression with the combination of BT and RT, tumor-bearing BALB/C mice were transplanted with CT26 carcinoma cells and subjected to RT treatment after *S.t* ΔppGpp/pBAD-ClyA injection. The mouse model of colon cancer was irradiated with a single dose of 7 Gy at days 1, 4, and 7 after BT^ClyA/+Ara^ treatment, and the total radiation dose was 21 Gy. BT^ClyA/+Ara^ plus RT treatment reduced tumor growth compared with only BT^ClyA/+Ara^ or the control group ([Fig. 2a](#fig_002){ref-type="fig"}). The tumor volume was significantly decreased by BT^ClyA/+Ara^ plus RT, but tumors still could not be eliminated ([Fig. 2b](#fig_002){ref-type="fig"}).

Effect of RT on the S.t ΔppGpp pBAD-ClyA strain
-----------------------------------------------

To observe the effect of RT on *S.t* ΔppGpp/pBAD-ClyA growth, plates were divided into 0 Gy and 7 Gy irradiation group, with each group having 3 plates containing 3 × 10^8^ CFU. After irradiation, the bacteria were spread onto agar plates and incubated for 18 h in a 37°C incubator. The bacterial counts were significantly affected by RT ([Fig. 2c](#fig_002){ref-type="fig"}, *P*=0.02). This result indicated that *S.t* ΔppGpp/pBAD-ClyA was sensitive to RT *in vitro*.

Discussion {#s4}
==========

Bacteria can become a new carrier for anticancer treatments, because they can target tumors and colonize within hypoxia area in tumors. Various explanations have been proposed for this, including that disorders of the vascular system cause inefficient transfer of oxygen and nutrients in tumors, which provides favorable conditions for colonization by anaerobic bacteria and facultative anaerobic bacteria. Furthermore, superior nutrient such as purine are released by necrotic cell in hypoxia zones of tumor, TGF-β (tumor growth factors β) is secreted in tumors, which reduced exposure to antibodies under low oxygen and high interstitial pressure, and the bactericidal activity of macrophages and neutrophils is impaired \[[@r14]\]. In this study, tumor images were obtained with the bioluminescence signal after injection of the *S.t* ΔppGpp-Lux strain, and radiotherapy extended the bacterial colonization time in tumors.

The *S.t* ΔppGpp/pBAD-ClyA showed high efficiency to suppress tumors, and this was mainly due to the ability of ClyA to penetrate the immune cell barrier in colonized tumors to kill the viable tumors. The pBAD promoter can effectively reduce the damage to normal tissue caused by ClyA, because it activates and produces ClyA in response to L--arabinose after the bacteria reach the tumors. However, *S. typhimurium* on its own can also affect tumor growth without ClyA. Although it showed a similar therapeutic effect, the therapeutic efficiency was lower than that in Nguyen's report, and this may be related to the dose of cells injected into the tumors \[[@r12]\]. Various explanations have been proposed for how bacteria suppress tumors, including consumption of nutrients such as essential amino acids in tumors and production of tumor necrosis factor alpha (TNF-α) and toxins that suppress the formation of tumor blood vessels, which cause nonspecific inflammation that activates antitumor T cells in the region of the bacterial colonization, and penetrate deeply into the tumor tissue with flagellum motility \[[@r14]\].

Hypoxic cells are up to three times more resistant to ionizing radiation than normoxic cells \[[@r15]\]. Theoretically, radiation results in the transformation of tumor cell to anoxia cells, so hypoxia may be sustained or even increased after RT \[[@r1]\]. Therefore, the presence of *S. typhimurium* in the tumor is extended by RT. Our previously study already proved that *E. coli* could colonize tumors and survive after RT treatment in a mouse tumor model \[[@r16]\].

Traditional RT is given to patients at 1.8--2 Gy per day for 7 or 8 weeks, with cumulative dose of up to 65--70 Gy. A high radiation dose is usually accompanied by damage to the immune system and normal tissue. *S.t* ΔppGpp/pBAD-ClyA greatly improved the efficiency of the RT and significantly inhibited tumor growth, and the total cumulative radiation dose was reduced to 21 Gy, which is lower than the traditional dosage. However, *S.t* ΔppGpp/pBAD-ClyA combined with RT could not completely eliminate tumor cells, and this was different from a previous report that used an *E.coli* K-12/pA-ClyA strain \[[@r16]\]. This main reason for this is probably related to the different bacteria strains, because *S.t* ΔppGpp/pBAD-ClyA is more sensitive to RT than the *E.coli* K-12/pA-ClyA strain.

In conclusion, bacterial cancer therapy possessed many advantages in cancer therapy such as low production cost and less harm of tissue. Although the genetically engineered *S. typhimurium* could not completely eliminate tumors in mouse model of colon cancer, combination with RT contributes to bacterial colonization and tumor suppression. Therefore, exploration of bacterial therapy is quite valuable for clinical treatment of cancer, and combination of BT and RT treatments will probably become a new strategy for cancer therapy.
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